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Mycotoxins in Human Diet: A Hidden Danger
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Key Points

• Fungal metabolites called mycotoxins are considered to be unavoidable contaminants in foods
and feeds and are a major problem all over the world with 25% of world’s crop production
contaminated with mycotoxins.

• While biological effects of mycotoxins, organ toxicity, mutagenicity, carcinogenicity, ter-
atogenicity, and modulation of the immune system, are well documented, the relevance of
mycotoxins in human medicine remains largely underestimated.

• Mycotoxins may affect the reproductive system and the immune system, exhibit hormonal
activity, affect specific target organs and may be neurotoxin. Development of effective
technologies to prevent food contamination with mycotoxins awaits a solution.
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1 Introduction

Mycotoxin contamination of the feed and food is a global problem. The major mycotoxin-
producing fungal genera are Aspergillus, Fusarium, and Penicillium. The primary classes of
mycotoxins are aflatoxins, zearalenones, trichothecenes, fumonisins, ochratoxins, and ergot alka-
loids. However, one of the most common grain-contaminating genus of fungi, Fusarium spp., is
also capable of producing other toxic secondary metabolites—the so-called emerging mycotox-
ins such as fusaproliferin, beauvericin, enniatins, and moniliformin. There are several unresolved
questions in this regard. First, more than 25% of world’s grain production is contaminated by
mycotoxins. In particular, Fusarium mycotoxins (so-called field mycotoxins) contaminate up to
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100% of the grain. Since these mycotoxins are coming from the field it is difficult to deal with
them, and various technological approaches including plant selection for mycotoxin resistance
did not produce any significant results. Second, in nature there are more than 300 mycotoxins,
but analytical techniques for routine mycotoxins analysis are developed only for about 30 major
mycotoxins. Therefore, if there is a conclusion from the analytical lab that “the mycotoxins are
not found,” this means that 10–30 mycotoxins analyzed were not found. As for others, there is no
answer. Third, sampling for mycotoxins analysis is extremely difficult and is an important source
of errors. Fourth, there are no safe levels of mycotoxins, because of synergistic interactions of
many mycotoxins: several mycotoxins in low concentrations could cause more problems than a
single mycotoxin at higher dose.

The various biological effects of mycotoxins such as organ toxicity, mutagenicity, carcino-
genicity, teratogenicity, and modulation of the immune system are well documented by in vitro
and animal experiments. Furthermore, cases of intoxication by mycotoxins are well known in
veterinary medicine. However, the relevance of mycotoxins in human medicine remains largely
underestimated, because material from patients with characteristic symptoms is rarely tested for
mycotoxins [1].

Recent results show that in many cases membrane-active properties of various mycotoxins
determine their toxicity. Indeed, incorporation of mycotoxins into membrane structures causes
various detrimental changes. These changes are associated with alteration of fatty acid composi-
tion of the membrane structures and with peroxidation of long-chain PUFAs inside membranes.
This ultimately damages membrane receptors, causing alterations in second messenger systems,
inactivation of a range of membrane-binding enzymes responsible for regulation of important
pathways. Finally, this causes alterations in membrane permeability, flexibility, and other impor-
tant characteristics determining membrane function. Detrimental effects of mycotoxins on DNA,
RNA, and protein synthesis together with pro-apoptotic action further compromise important
metabolic pathways. There are also changes at the gene level, and mycotoxicogenomics is an
emerging area of research. Consequently, changes in physiological functions including growth,
development, and reproduction occur.

2 Mycotoxins of Concern

Three major economically important genera of mycotoxin-producing fungi are Aspergillus,
Penicillium, and Fusarium. Mould growth and mycotoxin production are related to the following:

• the presence of fungal inoculum on susceptible crops;
• plant stress caused by extreme weather;
• faulty water and fertilization balance;
• insect damage; and
• inadequate storage conditions.

In general, biotic and abiotic stresses (heat, water, and insect damage) cause plant stress and
predispose plants in the field to mycotoxin contamination [2]. It is necessary to take into account
that there are many different species of each of the mentioned genera. For example, Aspergillus
species comprise a group of more than 150 members. About 45 of them, 75 Penicillium species
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and 25 Fusarium species are known to produce mycotoxins. Furthermore, mycotoxins can be
toxic at very low concentrations. They appear at different stages of grain production. For exam-
ple, Fusarium species are known to invade grains during the growth of the plant and they produce
so-called field mycotoxins. On the other hand, Aspergillus and Penicillium species generally
develop during grain storage and so may be called “storage mycotoxins.” This simple classifica-
tion tends to oversimplify the situation. However, two facts are clear: mycotoxin contamination
depends on moisture content of grain which should be less than 15% and drought stress can
also increase fungal contamination of grain. In practice, a range of mycotoxins can be found in
contaminated feeds, the type and level depending on climatic and storage conditions. Temperate
climates with high moisture conditions, e.g., Canada, USA, and Europe, encourage the growth of
Fusarium and Penicillium species and DON, zearalenone, ochratoxin A, and T-2 toxin that are of
concern for animal and human health. On the other hand, warm and humid climatic conditions,
e.g., Latin America, Asian countries, and some parts of Australia, are ideal for the growth of
Aspergillus and the production of Aflatoxin, considered to be a carcinogen. The winter season
in these countries favors the development of zearalenone, DON, T-2 toxin, ochratoxin A, etc.
Worldwide trade in feed ingredients leads to a wide distribution of the mycotoxins. The most
significant mycotoxins in feeds and foods are [3–5] the following:

• Aflatoxin (AF)

• They are unavoidable natural contaminants produced by Aspergillus flavus and Aspergillus
parasiticus.

• They are common fungal contaminants of nuts but are also found growing on a variety of
feedstuff, including maize, wheat, rice, and cottonseed.

• Although 20 AFs have been identified, only four of them, that is, the AFs B1, B2, G1, and
G2 (AFB1, AFB2, AFG1, and AFG2) occur naturally and are significant contaminants of a
wide variety of foods and feeds.

• AFs may be converted to more reactive, electrophilic epoxides by phase I metabolism
occurring primarily in the liver [6].

• This group of mycotoxins also possesses high teratogenic, mutagenic, and immunosuppres-
sive activities.

• The liver is the main target organ for AF toxicity and carcinogenicity. Aflatoxicosis can
progress to potentially lethal acute hepatitis with vomiting, abdominal pain, hepatitis, and
eventually death.

• AFs can cross placental barrier, and thus can adversely affect fetal systems, to increase
stillbirths and neonatal mortality.

• The aflatoxins are known causes of acute aflatoxicosis in humans. But chronic forms of afla-
toxicosis, especially carcinomas, are more problematic because epidemiological evidence
is not as clearly defined due to other factors such as hepatitis B that may be interactive in
the disease process. AFB1 is considered to be the most toxic and carcinogenic compound of
this group of mycotoxins. It is classified by the International Agency of Research on Cancer
as Group 1 human carcinogen.

• Kwashiorkor, a severe malnutrition disease of children in Northern Africa and elsewhere
in undernourished populations, which is usually attributed to nutritional deficiencies, may
also be related to AF intake based on observational studies [5]. It has been hypothesized
that kwashiorkor may be a form of pediatric aflatoxicosis. Further early speculations that
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AF might be involved in Reye’s syndrome, encephalopathy, and fatty degeneration of the
viscera in children and adolescents have not been substantiated [7]. Exposure to AF in the
diet is considered an important risk factor for the development of primary hepatocellular
carcinoma, particularly in individuals already exposed to hepatitis B. AFs outbreak affecting
a large geographical area and causing over 123 deaths were reported in Kenya in 2004 and
2005 [8].

• Ochratoxin A

• A secondary fungal metabolite is produced by Penicillium and Aspergillus species of fungi
during the storage of cereals, cereal products, and other plant-derived products, and as a
result it is found in various compounded feeds.

• There are four ochratoxin homologues: A, B, C, and D. Ochratoxin A is the most prevalent,
whereas ochratoxins A and C are the most toxic [6].

• OTA can enter the human food chain by almost the totality of foods, i.e., cereals, wine,
coffee, spices, beer, cocoa, dried fruits, and pork meats.

• The main source of dietary OTA intake in Europe is cereals and their derived products,
which account for around half of intake, with wine and coffee taking second and third
places, contributing about 10 and 9%, respectively.

• Although mechanism of action of OA remains unclear, it has been suggested that ochra-
toxins act by disrupting phenylalanine metabolism, interfering with signal transduction
pathways in cells, and imposing oxidative stress and apoptosis.

• It is immunosuppressive, genotoxic, teratogenic, and carcinogenic to monogastric animals
and human. The most prominent effect of OA being nephrotoxicity.

• OA can alter both barrier and absorption function of the intestinal epithelium causing
intestinal injuries, including inflammation and diarrhoea [9].

• OA in combination with AF showed a synergistic toxicity [10].
• For OA the elimination half-life in human was calculated to be 840 h [11].
• The consumption of small amounts of fungal toxins may result, earlier than organ toxicity,

in impaired immunity, and decreased resistance to infections at doses which do not cause
nephrotoxicity or clastogenic effects [12].

• OTA has been classified as a possible human carcinogen (group 2B) by the International
Agency for Research on Cancer.

• Nephrotoxic effects of OTA have been linked to the Balkan endemic nephropathy charac-
terized by tubule interstitial nephritis and associated with high incidence of kidney, pelvis,
ureter, and urinary bladder tumors in some Eastern European countries. In fact, in 1956, the
first clinical description of a human kidney disease known as Balkan endemic nephropa-
thy was published. With the recognition that mycotoxins can cause nephropathies and the
epidemiological evidence of ochratoxin A in food of patients in the Balkan countries, ochra-
toxin A became a prime suspect in the causation of this disease [4]. Moreover, tumors of
the upper urinary tract have been associated with exposure to OA.

• According to the intracellular concentration and cell-specific susceptibility, three scenarios
relevant for OTA carcinogenicity may take place [13]
• Toxicity and cell death. OTA toxicity may induce cell regeneration and proliferation,

which may then lead to cell transformation and tumor development.
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• Apoptosis. It is advocated that OTA-mediated apoptosis could lead to the selection
of apoptosis-resistant cells, which may be characterized by a higher probability of
transformation into tumor cells. In addition, as for necrosis, apoptosis can stimulate a
compensatory cell loss response resulting in cell proliferation and cancer development.

• Transformation/proliferation. Low but sustained level of chronic oxidative stress can
result in cell proliferation. This ultimately may convert DNA damage into mutations,
leading to carcinogenesis.

• T-2 toxin

• The trichothecene group of mycotoxins accounts for over 100 fungal metabolites, of which
T-2 toxin, produced by the Fusarium fungus (Fusarium graminearum, F. sporotrichioides,
and Stachybotrys chartarum) was the first to be studied.

• It contaminates mainly corn, wheat, barley, and oat.
• The adverse effects of T-2 toxin on health are expressed in a diverse range of symptoms

including skin lesions, immunosuppression, hepatotoxicity, nephrotoxicity, neurotoxicity,
genotoxicity, and even death.

• The damage caused by T-2 toxin results primarily from the toxin’s interruption of cell divi-
sion in bone marrow, immunocompetent organs, and intestinal mucosa, resulting in a serious
immunosuppressive effect.

• T-2 toxin also has a strong inhibitory effect on protein synthesis, which in turn results in the
inhibition of DNA and RNA synthesis.

• It affects the actively dividing cells such as those lining the gastrointestinal tract, skin,
lymphoid, and erythroid cells.

• It can decrease antibody levels, immunoglobulins, and certain other humoral factors such
as cytokines.

• After ingestion of T-2 toxin into the organism, it is processed and eliminated. Some metabo-
lites of this trichothecene are equally toxic or slightly more toxic than T-2 itself, and
therefore, the metabolic fate of T-2 toxin has been of great concern.

• It has been postulated that T-2 toxin is associated with a human disease called alimentary
toxic aleukia (ATA) that affected a large population in the Orenburg district of the former
USSR during the Second World War. The symptoms of the disease include inflammation of
the skin, vomiting, and damage to hematopoietic tissues. The acute phase is accompanied by
necrosis in the oral cavity; bleeding from the nose, mouth, and vagina; and central nervous
system disorders [8]. Akakabi-byo (red mold disease) in Japan and swine feed refusal in the
central United States are also related to trichothecene mycotoxins [14].

• Vomitoxin (deoxynivalenol, DON)

• DON is produced worldwide by the Fusarium genus (F. graminearum and Fusarium
culmorum).

• It contaminates different cereal crops (wheat, maize, and barley) used for food and feed
production, and it is one of the least acutely toxic trichothecenes.

• The main toxic effect is associated with inhibition of protein synthesis via binding to the
ribosome. Induction of apoptosis is also considered to play an important role in DON
toxicity in intestinal cells [9].
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• DON in moderate to low doses can cause a number of detrimental effects including
immunosuppression and it alters brain neurochemicals.

• In children, ingestion of heavily DON-contaminated food results in vomiting within hours.
• Many outbreaks of acute human disease involving gastrointestinal upset and diarrhoea have

been registered in Asia due to consumption of Fusarium-contaminated grains [11].
• DON is of public health concern because of its often unavoidable capacity to contaminate

agricultural commodities, recalcitrance to degradation during milling or processing, and
potential to cause human and animal toxicity [15].

• Fumonisin B1

• The fumonisins are the most recently discovered family of aminopolycarboxylic acids. They
were discovered in 1988 following an outbreak of equine leukoencephalomalacia in South
Africa in 1970.

• Fumonisins are mycotoxins produced by at least 11 species of the fungus Fusarium, inclu-
ding Fusarium moniliforme as well as the maize pathogens Fusarium verticillioides and
Fusarium proliferatum.

• Fumonisins are detected mainly in maize and maize-based products.
• Several different derivatives of this mycotoxin have been described of which fumonisin B1

(FB1) is recognized as the most toxic and has been shown to be responsible for some major
toxicological effects in animals.

• Toxic effects of FB1 are associated with the fact that it resembles the structure of cellular
sphingolipids and therefore impairs ceramide synthesis by inhibiting ceramide synthetase.

• Epidemiologic studies suggest a link between exposure to fumonisin B1 (FB1) and
esophageal cancer.

• Consumption of moldy sorghum or maize containing high levels of fumonisin B1 caused
an outbreak a human disease in India involving gastrointestinal symptoms [11].

• Zearalenone (ZEA)

• Zearalenones are non-steroidal estrogenic mycotoxins and have been associated with
estrogenic syndromes in swine and experimental animals.

• ZEA is produced primarily by F. graminearum, Fusarium avenaceum, and Fusarium nivale
which occurs naturally in high-moisture corn and has been found in moldy hay and pelleted
feeds. Fungi-producing ZEA contaminates corn and also colonize, to a lesser extent, barley,
oats, wheat, sorghum, millet, and rice.

• ZEA production is favored by high humidity and low temperatures, conditions that often
occur in the Midwest during autumn harvest.

• It is a stable compound, both during storage/milling and the processing/cooking of food.
• It is fairly rapidly absorbed following oral administration.
• It competitively binds to estrogen receptors in a number of in vitro systems and in the uterus,

mammary gland, liver, and hypothalamus of different species.
• ZEA causes a variety of toxic effects in both experimental animals and livestock, and

possibly, in humans. It has estrogenic and anabolic activity and has been shown to be
immunotoxic and genotoxic, and to induce DNA-adduct formation in vitro cultures of
bovine lymphocytes. ZEA alters various immunological parameters.
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• It causes alterations in the reproductive tract of laboratory and domestic animals causing
decreased fertility; increased embryolethal resorptions; reduced litter size; changed weight
of adrenal, thyroid, and pituitary glands; and change in serum levels of progesterone and
estradiol. Teratogenic effects of ZEA were found in pigs and sheep.

• ZEA may be associated with precocious puberty and possibly cervical cancer.

• Patulin

• Patulin is a mycotoxin produced by several Pencillium and Aspergillus, Byssochlamys
species, but Pencillium expansum is the most commonly encountered species.

• It is a common contaminant of ripe apples used for the production of apple juice
concentrates and it has been shown to be mutagenic, carcinogenic, and teratogenic.

• Patulin also has an immunosuppressive effect and inhibits DNA synthesis.
• The Joint Food and Agriculture Organization-World Health Organization Expert Committee

on Food Additives has established a provisional maximum tolerable daily intake for patulin
of 0.4 mg/kg of body weight/day.

• The cellular mechanism of patulin toxicity is attributed to binding to sulfhydryl groups in
proteins and amino acids in the plasma membrane, which is supported by a reduction in
glutathione levels and subsequent oxidative damage leading to mitochondrial disfunction in
addition to its direct effects on the plasma membrane.

• Patulin is shown to affect the barrier function of the intestinal epithelium by inducing
epithelial cell degeneration, inflammation, ulceration, and hemorrhages [16].

• Ergot

• Ergot alkaloids are mycotoxins produced by Claviceps purpurea and are known to be a
problem on cereal grains.

• There are three main actions of ergot alkaloids: peripheral, neurohormonal, and adrenergic
blockage.

• The ergot alkaloids are indole compounds that are biosynthetically derived from
L-tryptophan and represent the largest group of nitrogenous fungal metabolites found in
nature. Over 80 different ergot alkaloids have been isolated, mainly from various Claviceps
species (over 70 alkaloids), but also from other fungi and from higher plants [17].

• Ergot alkaloids are mycotoxins that affect the nervous and reproductive systems of exposed
individuals through interactions with monoamine receptors.

• The most important peripheral effect is smooth muscle contraction typified by vasocon-
striction and uterotonic effects. Ergot neurohormonal effects are observed in serotonin and
adrenaline antagonism.

• Ergotism is one of the oldest mycotoxicoses with ancient records of its occurrence. In these
cases, signs of gangrene, central nervous system, and gastrointestinal effects were observed.
The first documented epidemic of ergotism likely occurred in 944–945 AD, when some
20,000 people of the Aquitaine region of France (about half of the population) died of the
effects of ergot poisoning. Some 50 years later, about 40,000 people reportedly died because
of the “holy fire.” [17].
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3 Synergistic Interactions Among Mycotoxins

Mold species coexist and most of them can produce more than one mycotoxin. There are syn-
ergistic interactions between mycotoxins meaning that combinations of mycotoxins have bigger
effect than singly mycotoxins. As a result, low levels of individual mycotoxins (sometimes lower
than legal limits for each of them) in combination can cause substantial health-related problems.
Fusarium mycotoxin natural co-occurrence is an increasing concern due to the hazards of expo-
sures of humans to mixtures of mycotoxins, which could be expected to exert greater toxicity
and carcinogenicity than exposure to the single mycotoxins. For example, in a recent survey 30
samples of rice (n = 10), maize (n = 10), and peanuts (n = 10) from Côte d’Ivoire were analyzed
for aflatoxin B1, fumonisin B1, and zearalenone and ochratoxin A [18]. Some samples contained
four mycotoxins (86%). In general, concentrations of ochratoxin A, zearalenone, and fumonisin
B1 were low and may not cause problems per se; however, fears remain that the tolerable daily
intake may be exceeded due to eating habits and synergistic effects could be important with the
combination of several mycotoxins.

It is proven in experiments with some domestic species [19]. For example, a toxicologi-
cal synergism between deoxynivalenol and fusaric acid has been demonstrated piglets, where
deoxynivalenol toxicity was augmented when fusaric acid was added in the diet [20].

A synergistic interaction between DON and T-2 toxin was shown in an experiment with chick-
ens [21]. Aflatoxins, ochratoxins, and other mycotoxins have also been demonstrated to interact
synergistically. For example, a combination of AFB1 and OA was more toxic for chickens than
single mycotoxins [22]. Citrinin (CTN) and penicillic acid were also found to potentiate the
nephrotoxic and carcinogenic effects of ochratoxin A [23, 24]. Synergistic effects of fumonisin
B1 and ochratoxin A are also shown in in vitro cytotoxicity study [25]. Mixtures of ZEA or FB1
and DON display synergistic effects in lipid peroxidation [26]. Futhermore, ZEA, DON, and
FB1 induce DNA fragmentation individually. However, mixtures of these mycotoxins always
damage DNA to a greater extent. Recent results of Bouslimi et al. [27] showed that cultured
renal cells respond to OTA and CTN exposure by a moderate and weak inhibition of cell pro-
liferation, respectively. However, when combined, they exert a significant increase in inhibition
of cell viability. Similar results were found for the investigated genotoxicity end points (DNA
fragmentation and chromosome aberrations). Altogether, this study showed that OTA and CTN
combination effects are clearly synergistic. A combination of FB1 + α-zearalenol produces a syn-
ergistic inhibition of porcine cell proliferation [28]. Porcine kidney epithelial PK15 cells were
treated with FB1, beauvericin (BEA) and OA singly, or with the combinations of two or all
three mycotoxins for 24 and 48 h [29]. Combined treatment with FB1, BEA, and OTA resulted
mostly in additive effects on LDH activity and additive and synergistic effects on caspase-3 acti-
vity and apoptotic index. The effect of AFB and FB on the morphology, the capacity of cellu-
lar proliferation, cytotoxicity, and interleukin-8 (IL-8) synthesis in a porcine intestinal epithelial
cell line (IPEC-1), was evaluated [30]. The results indicate that the combination of AFB/FB in
low concentrations showed a synergy effect, altering the cellular morphophysiology, which can
imply in vivo the entrance of other toxins or biological agents for alteration of the intestinal bar-
rier impacting negatively in the human or animal health. In a study conducted by McKean et al.
[31] the acute and combinative toxicity of AFB1 and T-2 were tested in F-344 rats, mosquito fish
(Gambusia affinis), immortalized human hepatoma cells (HepG2), and human bronchial epithe-
lial cells (BEAS-2B). The results of this study demonstrated that these two toxins interacted to
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produce alterations in the toxic responses generally classifiable as additive; however, a synergistic
interaction was noted in the case of BEAS-2B.

From the above-presented data it is clear that mycotoxin interactions and their possible
synergistic effect deserve more attention and research in this important field just started.

4 Food Contamination with Mycotoxins

At least 25% of world’s grain production is contaminated with mycotoxins, which are a world-
wide problem [32]. For example, AFs are considered to be unavoidable contaminants of food,
since they cannot be prevented or eliminated by current agricultural practice [33]. The intake of
AFM1 from milk was calculated to vary from 0.1 ng/person/day in Africa up to 12 ng/person/day
in Far East countries [11]. Milk and dairy products purchased at Egyptian markets and breast milk
from lactating mothers were analyzed. Three of 15 cow’s milk samples were found positive for
AFM1 with mean value 6.3 mg/kg. Twenty percent of hard cheese samples contained detectable
levels of AFM1 and one sample from ten contained AFB1 and AFG1. For breast milk, two of ten
samples were positive for AFM1 with mean value 2.75 μg/kg, while three of ten samples were
positive for OA [34]. In Turkey, the incidence of AFM1 in cheese was 89.5% with the highest
concentration to be 810 ng/kg [35]. From 54 samples of fresh full cream and skimmed milk,
powdered milk, yoghurt, and infant formula collected in Kuwait, 28% were contaminated with
AFM1 with 6% being above the maximum permissible limit of 0.2 μg/L [36]. Recently, it has
been reported that breast milk samples obtained from 388 Egyptian women had detectable AFM1

levels (13.5 pg/mL) in nearly 37% of samples [37]. During 2006, 82 samples of human mature
milk were collected at Italian hospitals and checked for AFM1 and OA by immunoaffinity col-
umn extraction and HPLC [38]. AFM1 was detected in 5% of milk samples (55.4 ng/L) while
OA was detected in 74% of milk samples (30.4 ng/L). International comparisons of AFM1 levels
in urine are shown in Table 18.1.

The chance of getting traces of mycotoxins in our diet is very high. For example, the results
of survey of 313 UK retail foods and 153 UK cereal samples showed that OA was detected in
25% samples with 27 samples containing OA at concentrations above 4 ng/g [39]. Incidence

Table 18.1 International comparisons of AFM1 levels in urine (Adapted from Polychronaki et al. [111])

Country
Samples
studied Positive (%)

Mean AFM1 levels
(pg/mL) (range) Year

Egypt Children 50 8 5.5 (5.0–6.2) 2008
Guinea Children 50 64 97.0 (8.0–801) 2008
Egypt Children 2005

Kwashiorkor 30 13 22 (10–30)
Marasmus 30 7 55 (40–70)

Sierra Leone Children 234 44 NS 2001
China Adults 300 44 8 (60–120) 2005
China Adults 27 89 120 (0.6–800) 2001
China Adults 145 54 9.6 (3.6–246) 1999
China Adults 317 21 NS (0.17–5.2) 1994
China Adults 252 12 600 (30–3,200) 1987
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Table 18.2 Incidence and
mean values of OTA content
of wheat bread from different
countries (Adapted from
Bento et al. [112])

Country Samples Incidence (%) Mean (ng/g)

Spain 93 100 0.45
Holland 29 100 0.39
The United States 24 100 0.41
Switzerland 20 100 0.07
Brazil 15 100 0.09
France 14 100 0.25
Italy 12 100 0.34
Germany 11 100 0.35
Ireland 9 100 0.36
Austria 9 100 0.08
Tunisia 9 100 0.30
Belgium 7 100 0.23
Morocco 100 48 13.00
Germany 986 91 0.17

of OA contamination of the bread in various countries was also quite high (Table 18.2). In
the United Kingdom composite duplicate diet samples from 50 individuals and corresponding
plasma and urine samples were obtained over 30 days. Average intake of OA varied in a range of
0.24–3.54 ng/kg body weight/day, and OA was detected in all plasma samples and in 92% of
urine samples [40]. In Germany the absolute OA intake was approximately 28.7–290.8 ng/day
in 1996–1999 and the calculated total daily intake of OA varied between 0.9 ng/kg body weight
in Germany and 4.6 ng/kg body weight in Italy [41]. OA was found in a number of samples of
feed and food from various countries with its detection in human blood [33]. In fact, OA can be
detected at levels greater than 0.1 ppb in more than 90% of human and swine blood samples in
central European countries [41]. Indeed, OA has been found in human blood samples in num-
ber of countries in cool temperate areas of the Northern Hemisphere [11]. When blood analyses
were performed in Scandinavian blood donors, the mean plasma levels of OA was 0.18 μg/L in
Oslo and 0.21 μg/L in Visby [42]. In particular in Croatia, OA consumption was estimated to be
0.4 ng/kg body weight [33]. About 60% of the Moroccan human plasma sampled was positive
for OTA (61.5% in the male and 56% in the female population), and an average concentration
of 0.29 ng/mL (0.31 ng/mL in males, 0.26 ng/mL in females; [8]). OA concentrations found in
tissue and fluids of humans from various countries are shown in Table 18.3.

Table 18.3 Ochratoxin in tissue and fluids of humans from various countries (Adapted from Task Force
Report [4]).

Tissue or fluid Country No. of samples Positive (%) Range or mean (ng/mL)

Serum Yugoslavia 639 6.6 1–57
Serum Poland 1,065 7.2 x = 0.27
Serum Germany 306 56.5 0.1–14.4
Plasma Denmark 96 47.9 0.1–9.2
Plasma Bulgaria 312 14.4 x = 14
Serum Bulgaria 576 19.1 x = 18
Milk Germany 36 11.1 0.017–0.3
Milk Italy 50 18.0 1.7–6.6
Blood Canada 159 39.6 0.27–35.33
Serum France – 22.0 0.1–6
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Table 18.4 Natural distribution of Fusarium sp. mycotoxins in France in 1996 and 1997 (Adapted from
Yiannikouris and Jouany [113])

Cereal No. of samples Mycotoxins Positive (%)

Amount of toxin in
positive samples
(μg/kg)

Wheat 1996 46 DON 40 39
NIV 28 24
ZEN 12 9

Wheat 1997 69 DON 90 87
NIV 92 32
ZEN 12 7

Maize 1996 17 DON 84 400
NIV 78 276
ZEN 95 335
FB1 72 370

Maize 1997 24 DON 76 100
NIV 47 69
ZEN 90 15
FB1 66 320

DON was detected in various food products (bread, breakfast cereals, beer, baby, and infant
foods) in Europe and Northern America [11]. When 88 commercially available samples of wheat-
based breakfast cereals were randomly collected from different supermarkets in Lisbon, 72.8%
samples contained levels of DON between 103 and 6,040 μg/kg with mean level of 754 μg/kg
[43]. When 363 cereal-based infant foods in the Canadian retail market were analyzed for myco-
toxins, DON was detected in 63% of the samples [44]. A European survey of foods from 12
countries found that of a total of 11,022 samples analyzed for DON, 57% were positive for
this trichothecene [45]. The rate of Fusarium contamination of wheat and maize in France in
1996–1997 was comparatively high (Table 18.4). One hundred and fifty-six samples of breakfast
cereals were collected from the Canadian retail marketplace over a 3-year period and analyzed for
various mycotoxins. Overall, DON was the most frequently detected mycotoxin; it was detected
in over 40% of all samples analyzed [46]. Fumonisins and ochratoxin A were each detected in
over 30% of all samples. Zearalenone was detected in over 20% of all samples. Nivalenol and
HT-2 toxin were each detected in only one sample. The survey clearly demonstrated regular
occurrence of low levels of multiple mycotoxins in breakfast cereals on the Canadian mar-
ket. Zearalenone was also detected in blood samples of children with precocious puberty in
Puerto Rico and of those with premature telarche in the southeast part of Hungary [5]. Some
national estimates of intake of fumonisin B1 in Europe and in the world are shown in Table 18.5.
Estimated intake of fumonisin in Europe, Far East, Latin America, Middle East, and Africa com-
prises (μg/kg body weight) 0.2, 0.7, 1.0, 1.1, and 2.4, respectively [11]. Maximum limits for
mycotoxins in foods in various European countries and USA are presented in Table 18.6.

5 Mycotoxins and Human Health

Mycotoxins have been associated with a number of human diseases, some acute and others
chronic (Table 18.7). From the one hand, detrimental effect of mycotoxins on animal health and
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Table 18.5 Some national
estimates of intake of
fumonisin B1 in Europe and
in the world (Adapted from
Creppy [11])

Country Intake (μg/kg of body weight/day

Argentina 0.2
Canada 0.02
The Netherlands 0.06
Switzerland 0.03
The United Kingdom 0.03
The United States 0.08
Africa 2.4
Middle East 1.1
Latin America 1.0
Far East 0.7
Europe 0.2

Table 18.6 Maximum limits for mycotoxins in foods in various European countries and the United States
(Adapted from Creppy [11])

Mycotoxin Country
Maximum limit μg/kg or
μg/L Foods

Aflatoxin B1 Finland 2 All
Germany 2 All
The Netherlands 5 All
Belgium 5 All
Portugal 25 Peanuts

5 Children’s food
20 Others

Austria 1 All
2 Cereals, nuts

Switzerland 1 All
2 Maize, cereals

Spain 5 All
Luxemburg 5 All
Ireland 5 All
Denmark 5 All
Greece 5 All

Aflatoxin B1, B2,
G1, G2

Sweden 5 All

Norway 5 Peanuts, Brazil nuts,
buckwheat

Finland 5 All
Germany 4 All

0.05 Enzymes and enzyme
formulations

The United Kingdom 4 Nuts and dried figs
France 10 All
Italy 50 Peanuts
Austria 5 (B2+G1+G2) All

0.02 (M1+B1+B2+G1+G2) Children’s food
Switzerland 5 (B2+G1+G2) All
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Table 18.6 (continued)

Mycotoxin Country
Maximum limit μg/kg or
μg/L Foods

0.01 Baby food
USA 20 All
Belgium 5 Peanuts
Bosnia 1 (B1+G1) Cereals

5 Beans
Aflatoxin M1 Sweden 0.05 Liquid milk products

Austria 0.05 Milk
Germany 0.05 Milk
The Netherlands 0.05 Milk

0.02 Butter
0.2 Cheese

Russia 0.5
Switzerland 0.02 Baby food

0.05 Milk and milk products
0.25 Cheese

Belgium 0.05 Milk
USA 0.5 Milk
Czech Republic 0.1 Children’s milk

0.5 Adult’s milk
France 0.03 Children’s milk

0.05 Adult’s milk
Bulgaria 0.5

DON USA 1,000 Wheat
Russia 1,000 Cereals
Austria 750 Wheat

Ochratoxin A Romania 5 All
Czech Republic 1 Children’s food

20
Denmark 5 Cereals

25 Pigs
Austria 5 Cereals
Switzerland 2 cereals
Greece 20 All
France 5 All
The Netherlands 0 Cereals

Fumonisin B1+B2 Switzerland 1,000 Maize
Zearalenone Romania 30 Cereals, vegetable oils

Austria 60 Cereals
France 200 Cereals, vegetable oils
Russia 1,000 Cereals, vegetable oils

T-2 toxin Russia 100 All

clinical changes associated with mycotoxicoses are well described. On the other hand, only rarely
has a direct connection been established between mycotoxin exposure and human illnesses and
much remains to be done to establish the etiology of many suspect human mycotoxicoses [47].
Selected mycotoxin-producing fungi related to children’s health are shown in Table 18.8.
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Table 18.7 Some human diseases in which analytic and/or epidemiologic data suggest or implicate
mycotoxin involvement (Adapted from Task Force Report [4])

Disease Species Substrate Etiologic agent

Akakabio-byo Human Wheat, barley, oats, rice Fusarium spp.
Alimentary toxic

aleukia (ATA or
septic angina)

Human Cereal grains (toxic
bread)

Fusarium spp.

Balkan nephropathy Human Cereal grains Penicillium
Cardiac beriberi Human Rice Aspergillus spp.,

Penicillium spp.
Celery harvester’s

disease
Human Celery (Pink rot) Sclerotinia

Dendrodochiotoxicosis Horse, human Fodder (skin contact,
inhaled fodder
particles)

Dendrodochium toxicum

Ergotism Human Rye, cereal grains Claviceps purpurea
Esophageal tumors Human Corn Fusarium moniliforme
Hepatocarcinoma (acute

aflatoxicosis)
Human Cereal grains, peanuts Aspergillus flavus,

A. parasiticus
Kashin Beck disease,

“Urov disease”
Human Cereal grains Fusarium

Kwashiorkor Human Cereal grains Aspergillus flavus,
A. parasiticus

Onyalai Human Millet Phoma sorghina
Reye’s syndrome Human Cereal grains Aspergillus
Stachybotryotoxicosis Human, horse

other livestock
Hay, cereal grains,

fodder (skin contact,
inhaled hay dust)

Stachybotrys atra

Table 18.8 Selected mycotoxin-producing fungi of relevance to children’s health (Adapted from Sherif
et al. [5])

Fungus Mycotoxins Associated health effects

Aspergillus flavus, A. parasiticus Aflatoxins Vomiting, hepatitis, liver cancer
Fusarium verticillioides Fumonisins Vomiting, neural tube defects,

esophageal cancer
Fusarium culmorum Deoxynivalenol Vomiting
Fusarium sporotrichiodes T-2 toxin Alimentary toxic aleukia,

vomiting, hemorrhage
Aspergillus ochraceus, A. niger Ochratoxins Balkan nephropathy, renal cancer
Penicillium expansum Patulin Vomiting, cancer (suspect)
Fusarium graminearum Zearalenone Estrogenic effects, cervical cancer

(suspect)
Claviceps purpurea Ergot alkaloids Ergotism

Adverse human health effects from the consumption of mycotoxins have occurred for many
centuries. At the mycotoxin contamination levels generally found in food products traded in these
market economies, adverse human health effects have largely been overcome. Although myco-
toxin contamination of agricultural products still occurs in the developed world, the application
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of modern agricultural practices and the presence of a legislatively regulated food processing
and marketing system have greatly reduced mycotoxin exposure in these populations. However,
in the developing world, where climatic and crop storage conditions are frequently conducive to
fungal growth and mycotoxin production, much of the population relies on subsistence farming
or on unregulated local markets. Therefore, mycotoxin exposure is more likely to occur in parts
of the world where poor methods of food handling and storage are common, where malnutrition
is a problem, and where few regulations exist to protect exposed populations [4]. Even in devel-
oped countries, specific subgroups may be vulnerable to mycotoxin exposure. In the USA, for
example, Hispanic populations consume more corn products than the rest of the population, and
inner city populations are more likely to live in buildings that harbor high levels of molds [7].

Humans likely are exposed to mycotoxins through several routes such as ingestion (the most
prominent means of exposure), contact, and inhalation. Mycotoxins may affect the reproductive
system and the immune system, exhibit hormonal activity, affect specific target organs, and may
be neurotoxin. Developmental defects including birth defects are another possible adverse effect
following exposure to mycotoxins. In addition to these diverse organ or site-specific actions,
mycotoxins may affect the gastrointestinal system, cause skin irradiation, have hematological
effects, and reduce growth. The various biological effects of mycotoxins such as organ toxicity,
mutagenicity, carcinogenicity, teratogenicity, and modulation of the immune system are well
documented by in vitro and animal experiments.

6 Molecular Mechanisms of Mycotoxin Action Include Four Major Points

6.1 Oxidative Stress as a Consequence of Mycotoxicoses

A delicate balance between antioxidants and pro-oxidants in the body in general and specifically
in the cell is responsible for regulation of various metabolic pathways leading to maintenance
of immunocompetence, growth, and development and protection against stress conditions asso-
ciated with commercial animal/poultry production. This balance can be regulated by dietary
antioxidants, including vitamin E, carotenoids, and selenium. On the other hand, nutritional stress
factors have a negative impact on this antioxidant/pro-oxidant balance. In this respect mycotox-
ins are considered to be among the most important feed-born stress factors. It is not clear at
present if mycotoxins stimulate lipid peroxidation directly by enhancing free radical production
or the increased tissue susceptibility to lipid peroxidation is a result of compromised antioxidant
system. It seems likely that both processes are involved in this stimulation. In most cases lipid
peroxidation in tissues caused by mycotoxins was associated with decreased concentrations of
natural antioxidants [3].

It has been shown that OTA, T-2 toxin, DON, aflatoxins, fumonisins, and zearalenon impose
an oxidative stress and have a stimulating effect on lipid peroxidation. In most of cases, thio-
barbituric acid reactive substances (TBARS) accumulation was used as a measurement of lipid
peroxidation. Furthermore, ethane exhalation, EPR registered free radicals, hydroxyl radical for-
mation, single-strand cleavage DNA, DNA adduct formation as well as LDH release were also
used to confirm pro-oxidant properties of mycotoxins. Various in vitro and in vivo systems were
also used including liver microsomes, phospholipid vesicles, primary cell cultures, whole organs,
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and whole body. TBARS accumulation was substantially increased and at the same time vitamin
E and GSH concentrations and activities of antioxidant enzymes significantly declined as a result
of mycotoxicosis.

6.2 Mycotoxins and Apoptosis

The maintenance of tissue homeostasis involves the removal of superfluous and damaged cells.
This process is often referred to as “programmed cell death” or “apoptosis” since it is thought
that cells activate an intrinsic death program contributing to their own demise. Several processes,
such as initiation of death signals at the plasma membrane, expression of pro-apoptotic oncopro-
teins, activation of death proteases, end nucleases, ultimately coalesce to a common irreversible
execution phase leading to cell demise. A balance between cell death and cell survival factors
plays a major role in the decision-making process as to whether a cell should die or must live
(for review see Surai [3].

Apoptosis is distinguishable from necrosis. When cell death is induced by osmotic, physical,
or chemical damage, early disruption of external and internal membranes takes place with sub-
sequent liberation of denatured proteins into the cellular space and induction of an inflammatory
response in the vicinity of the dying cell. In contrast, apoptosis is characterized by cell shrink-
age, nuclear pyknosis, chromatin condensation, DNA cleavage into fragments of regular sizes,
and activation of the cysteine proteases called caspases. Reactive oxygen species are thought to
play a major role in apoptosis, being involved in the initiation as well as execution of apoptosis.
GSH depletion increases the percentage of apoptotic cells in a given population; and increased
GSH concentration is shown to decrease the percentage of apoptosis in fibroblasts [48]. In fact,
GSH depletion sensitizes cells for intracellular induction of apoptosis.

In general, apoptosis is considered as a common mechanism of toxicity of various mycotoxins.
Since antioxidant–prooxidant balance in the cell (redox status) is responsible for a regula-
tion of apoptosis, it seems likely that natural antioxidants and selenoproteins such as GSH-Px,
thioredoxin reductase, and methionine sulfoxide reductase B could be potentially involved in pre-
vention of mycotoxin-related apoptosis. Therefore, antioxidant status of the animals and human
could be an important factor in their resistance to mycotoxicoses.

6.3 Mycotoxins and Gene Expression

Recently it has been suggested that toxic effects of various mycotoxins are mediated via changes
in gene expression and it seems likely that it is a characteristic of major mycotoxins.

7 T-2 Toxin

To examine morphological and gene expression changes induced by T-2 toxin in the fetal brain
in detail, pregnant rats on day 13 of gestation were treated orally with a single dose of T-2 toxin
(2 μg/kg) and sacrificed at 1, 3, 6, 9, 12, and 24 h after treatment (HAT). Microarray analysis
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showed that the expression of oxidative stress-related genes (heat shock protein 70 and heme
oxygenase) was strongly induced by T-2 toxin at 12 HAT, the peak time point of apoptosis induc-
tion [49]. The expression of mitogen-activated protein kinase (MAPK)-related genes (MEKK1
and c-jun) and other apoptosis-related genes (caspase-2 and insulin-like growth factor-binding
protein-3 (IGF-BP3) was also induced by the T-2 toxin treatment. From the results of microarray
analysis and histopathological examination, T-2 toxin seems to induce oxidative stress in these
tissues, following the changes in metabolism-related genes expression. These changes may alter
the intracellular environments resulting in the induction of apoptosis [50]. Furthermore, Sehata
et al. [51] suggested that the mechanism of T-2 toxin-induced toxicity in rats is due to oxidative
stress followed by the activation of the MAPK pathway, finally inducing apoptosis. They showed
increased expression of oxidative stress- and apoptosis-related genes in the liver of dams,
placenta, and fetal liver of pregnant rats treated with T-2 toxin at the peak time point of apopto-
sis. Decreased expression of lipid metabolism- and drug-metabolizing enzyme-related genes was
also detected in these tissues. In addition, increased expression of the c-jun gene was consistently
observed in these tissues and it could well be that the c-jun gene may play an important role in
T-2 toxin-induced apoptosis.

In an experiment conducted in the Institute of Endemic Disease in China, it was shown that T-2
toxin induced a time-dependent and dose-dependent inhibition of cellular proliferation in human
chondrocytes. Evidence of various steps of apoptotic cell death and shrinkage of chondrocytes,
as well as margination and condensation of nuclear chromatin, was found based on electron
microscopic observations [52]. It was shown that the apoptosis induced by T-2 toxin involved
an increased Bax/Bcl-2 ratio. In fact, Bcl-2 mRNA expression remained unchanged in chondro-
cyte apoptosis induced by T-2 toxin treatment, while Bax mRNA expression increased following
treatment with T-2 toxin. Indeed, Bcl-2 is a member of a family of genes that regulates apoptosis.
The family includes members responsible for death suppression by production of anti-apoptotic
proteins (Bcl-2 and Bcl-xl) and death promotion by producing pro-apoptotic proteins (Bax, Bak,
Bik, and Bcl-Xs). It is believed that the ratio of Bax to Bcl-2 protein can determine whether
cells will die via apoptosis or be protected from it. In particular, Bcl-2 homodimers can prevent
apoptosis by prevention of activation of the caspase cascade, blocking the loss of mitochon-
drial membrane potential, inhibiting release of cytochrome c from mitochondria. High levels of
Bax relative to Bcl-2 after a death signal may increase the cell’s susceptibility to apoptosis [52].
Recently, human chondrocytes have been treated with T-2 toxin (1-20 ng/mL) for 5 days. Fas,
p53, and other apoptosis-related proteins such as Bax, Bcl-2, Bcl-xL, caspase-3 were determined
by Western blot analysis and their mRNA expressions were determined by reverse transcriptase-
polymerase chain reaction [53]. Increases in Fas, p53, and the pro-apoptotic factor Bax protein
and mRNA expressions and a decrease of the anti-apoptotic factor Bcl-xL were observed in a
dose-dependent manner after exposures to 1–20 ng/mL T-2 toxins, while the expression of the
anti-apoptotic factor Bcl-2 was unchanged. These data suggest a possible underlying molecular
mechanism for T-2 toxin to induce the apoptosis signaling pathway in human chondrocytes by
regulation of apoptosis-related proteins.

The expression of apoptosis-related genes (c-fos and c-jun) mRNAs markedly increased
before the development of apoptosis in the T-2 toxin-treated keratinocytes primary cultures [54].
It is necessary to underline that it is believed that c-fos belongs to immediate-early response
genes, and its activation with other factors such as c-jun is considered to be an early response
to cell injury, resulting in an increased sensitivity of keratinocytes to apoptosis. In the same
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study it was also shown that the expression of pro-inflammatory cytokines TNF-α mRNA and
IL-1β mRNA increased in the T-2 toxin-treated keratinocytes cultures throughout the exper-
imental period. Similar increases in the expression of TNF-α and IL-1β mRNA were also
observed after T-2 toxin application in earlier in vivo experiments [55]. Pigs were offered over a
28-day period either a control diet or diets contaminated with 540, 1,324, or 2,102 μg pure T-2
toxin/kg feed. The livers of pigs exposed to T-2 toxin presented normal cytochrome P450 content,
UGT 1A and P450 2B, 2C, or 3A protein expression, and glutathione- and UDP glucuronosyl-
transferase activities [56]. However, P450 1A-related activities (ethoxyresorufin O-deethylation
and benzo-(a)-pyrene hydroxylation) were reduced for all pigs given T-2 toxin, with P450 1A
protein expression decreased in pigs fed the highest dose. In addition T-2 toxin exposure reduced
certain N-demethylase activities. The results of this study confirm the immunotoxic properties of
T-2 toxin, in particular toward the humoral immune response. The reduction of monooxygenase
activities, even though the liver presented no tissue lesion or lipid peroxidation, suggests possible
deleterious interactions of T-2 toxin with these enzymes.

8 DON

The effects of the ribotoxic trichothecene deoxynivalenol (DON) on mitogen-activated protein
kinase (MAPK)-mediated IL-8 expression were investigated in cloned human monocytes and
peripheral blood mononuclear cells (PBMC; [57]). It was shown that DON (250–1,000 ng/mL)
induced both IL-8 mRNA and IL-8 heteronuclear RNA (hnRNA), an indicator of IL-8 transcrip-
tion, in the human U937 monocytic cell line in a concentration-dependent manner. Expression
of IL-8 hnRNA, mRNA, and protein correlated with p38 phosphorylation and was completely
abrogated by the p38 MAPK inhibitor SB203580. Zhou et al. [58] reported that DON can induce
phospho-p53 and p21 protein expression at 30 min after 250 ng/mL in macrophage cells, but the
epithelium did not respond to DON by inducing p53 and p21 protein in that early time point.
Furthermore, DON was proven to arrest G2/M phase in the human intestinal epithelial cells via
elevated p21 gene expression [59]. Signaling pathways associated with DON-induced p21 gene
expression included PI3 kinase and ERK1/2 MAP kinase cascade. It should be noted that up-
regulation of p21 gene expression is generally associated with G1 phase arrest by DNA damage
or cellular senescence, which is under the transcriptional control of p53 protein. DON-induced
chemokine interleukin (IL)-8 expressions are likely to be mediated at the transcriptional level
by NF-κB, specifically p65, but does not appear to involve mRNA stabilization [60]. Indeed,
when NF-κB subunit binding to a specific IL-8 promoter probe was evaluated by enzyme-linked
immunosorbent assay DON was observed to increase p65 binding by 21-fold. Similarly DON
induced pro-inflammatory IL-1β, IL-6, and TNF-α gene expression [61]. It is well accepted that
TNF-α and IL-6 mediate injurious inflammatory processes and IL-1 is associated with leukocyte
apoptosis [62]. Treatment with DON elevated IL-8 production in the human epithelial intes-
tine 407 cells. Particularly, ribotoxin DON markedly elevated the phosphorylated extracellular
signal-regulated protein kinases 1 and 2 (ERK1/2), mitogen-activated protein kinase (MAPK)
which mediated DON-induced IL-8 production [63]. DON-activated ERK1/2 also mediated the
production of early growth response gene 1 (EGR-1) in the epithelial cell line and EGR-1 had
the positive regulatory effect on the IL-8 production in the human epithelial cells. Indeed, DON-
activated MAPK sentinel signals of the epithelial cells which promoted IL-8 production and
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its positive modulator EGR-1. These findings will provide insight into the possible mechanism
associated with the early epithelial inflammation by ribotoxic insults.

Mice were treated orally with 25 mg/kg body weight DON, and 2 h later spleens were col-
lected for macroarray analysis. Expression of 116 out of 1,176 genes was significantly altered
compared to average expression levels in all treatment groups. When genes were arranged
into an ontology tree to facilitate comparison of expression profiles between treatment groups,
DON was found primarily to modulate genes associated with immunity, inflammation, and
chemotaxis [64]. Therefore, trichothecenes can up-regulate or down-regulate expression of
immune- and inflammation-associated genes. Stimulation of mononuclear phagocytes by low
doses or concentrations of trichothecenes elicit expression of inflammation-related genes in
vivo and in vitro including cyclooxygenase-2 (COX-2), proflammatory cytokines, and numerous
chemokines [65]. It seems likely that the ribosome plays a central role as a scaffold in the
ribotoxic stress response to DON. Indeed, in mononuclear phagocytes, DON induced p38 mobi-
lization to the ribosome and its subsequent phosphorylation [66]. Oral exposure to DON induced
robust proinflammatory cytokine gene expression after 60 and 120 min [67]. In contrast, induc-
tions of IL-1β, IL-6, and TNF-α mRNAs in nasally exposed mice were 2–10, 2–5, and 2–4 times
greater, respectively, than those in the tissues of orally exposed mice.

9 OA

It was shown that OTA also can affect gene expression. Human renal cells were exposed to
50 μM OA during 6 and 24 h, and gene expression profiles were analyzed [68]. In the exper-
iment, few gene expression changes were identified at 6 h (179 genes), but many genes were
differentially expressed at 24 h (2,083 genes). Down-regulation was the predominant effect, with
90 and 67% of genes down-regulated at 6 and 24 h, respectively. After 6 h, with slight cytotoxi-
city (83% survival), genes involved in mitochondrial electron transport chain were up-regulated;
and after 24 h, with a more pronounced cytotoxicity (51% survival), genes implicated in oxidative
stress response were also up-regulated. Increase in intracellular ROS level and oxidative DNA
damage was evident at both exposure times being more pronounced with high cytotoxicity [68].
Exposure to OA also significantly unregulated GSH-Px1 and GSH-Px3 as well as extracellular
SOD, probably reflecting adaptive changes to stress.

Rats were gavaged daily with OA (500 μg/kg bw) and gene expression profiles in target and
non-target organs were analyzed after 7 and 21 days administration. The number of differen-
tially expressed genes in kidney was much higher than in liver (541 vs. 11 at both time points).
Great differences were found with previous in vitro gene expression data, with the exception of
DNA damage response which was not observed at mRNA level in any of our study conditions
[69]. Down-regulation was the predominant effect. Oxidative stress response pathway and genes
involved in metabolism and transport were inhibited at both time points. RGN (regucalcin)—a
gene implicated in calcium homeostasis—was strongly inhibited at both time points and genes
implicated in cell survival and proliferation were up-regulated at day 21. Moreover, translation
factors and annexin genes were up-regulated at both time points. Apart from oxidative stress,
alterations of the calcium homeostasis and cytoskeleton structure may be present at the first
events of OTA toxicity.
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OA modulation of lipopolysaccharide (LPS) induced inflammatory process in the
macrophagic cell line, J774A was described [70]. OA (30–100 μM) induces a time-
and concentration-dependent cytotoxic effect, increased when cells were co-stimulated
with LPS (100 ng/mL), a concentration that alone did not modify the cellular viability.
Moreover, OA (3 μM) alone induces a significant increase in cyclooxygenase-2 (COX-
2) and inducible nitric oxide synthase (iNOS) expression, while at the highest concentra-
tion (10 μM) a reduced expression of both enzymes was shown, consistently with the
mycotoxin-cytotoxic profile. These results confirm the pro-inflammatory role of OA by
itself and demonstrate the impaired capability of OA-treated macrophages to respond prop-
erly to noxious stimuli, such as LPS, mimicking the environmental co-exposure to both
compounds.

In cultured kidney tubulus cells OA down-regulated GST mRNA and activity levels [71].
Lower GST levels were accompanied by a decreased transactivation of activator protein-1 (AP-1)
and NF-E2-related factor-2 (Nrf2), which mediate GST gene transcription. Present data indi-
cate that enhanced ROS production and an impairment of GST activity, possibly due to an
AP-1 and Nrf2 dependent signal transduction pathway, may be centrally involved in OA
induced nephrotoxicity. In cultured porcine kidney tubulus cells (LLC-PK1) OA significantly
decreased γ-glutamylcysteinyl synthetase and glutathione-S-transferase mRNA levels in LLC-
PK1 cells [72]. Decreased mRNA levels of γ-glutamylcysteinyl synthetase and glutathione-
S-transferase were accompanied by a lowered nuclear translocation and transactivation of
Nrf2. Furthermore, OA also lowered Nrf2 mRNA levels. Current data indicate that OA
nephrotoxicity may be, at least partly, mediated by an Nrf2-dependent signal transduction
pathway.

In another study using cDNA microarray technology, Luhe et al. [73] showed that OA-induced
changes on genes related to DNA damage response, apoptosis, inflammation, and oxidative stress
in rat kidney in vivo and in primary cultures of renal proximal tubular cells, in vitro. There
is some evidence to suggest that oxidative stress in response to OA may result from down-
regulation of genes involved in antioxidant defense [74, 75]. Indeed, many affected genes are
involved in chemical detoxication and antioxidant defense. The depletion of these genes is likely
to impair the defense potential of the cells, resulting in chronic elevation of oxidative stress in
the kidney [75]. OA was also found to strongly increase in glial cells the expression of genes
related to brain inflammatory response, such as iNOS and peroxisome proliferator activating
receptor-γ [76].

Repeated administration of OA to male F344/N rats for 14, 28, or 90 days resulted in a dose-
and time-dependent increase in the expression of novel biomarkers of nephrotoxicity including
kidney injury molecule-1, tissue inhibitor of metalloproteinases-1, lipocalin-2, osteopontin, clus-
terin, and vimentin [77]. Changes in gene expression were found to correlate with the progressive
histopathological alterations and preceded effects on traditional clinical parameters indicative of
impaired kidney function. It is important to mention that OA exposure not only changed antiox-
idant defenses but also affected the ability of cells to properly respond to stress. For example,
Human Hep G2 hepatocytes and monkey kidney Vero cells were exposed to OA, ranging from
non-cytotoxic to sub-lethal [78]. The results clearly showed that OA inhibits cell proliferation,
strongly reduces protein synthesis and induces the decrease of GSH in concentration-dependent
manner in both Hep G2 and Vero cells. However, although cytotoxicity and oxidative damage
(main inducers of Hsp expression) occur, no change was observed in Hsp 70 level under the
multiple tested conditions.
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10 AFB1

It seems likely that AFB1 is also involved in gene regulation changes. The gene expression pat-
tern of diploid yeast cells exposed to AFB1 using high-density oligonucleotide arrays comprising
specific probes for all 6,218 open reading frames were analyzed [79]. Among 183 responsive
genes, 46 are involved in either DNA repair or in control of cell growth and division. Eleven
of the 15 inducible DNA repair genes, including RAD51, participate in recombination. For
28 days, pigs were fed a control diet or a diet contaminated with 385, 867, or 1,807 μg pure
AFB1/kg feed and the expression level of pro-inflammatory (TNF-α, IL-1β, IL-6, IFN-γ) and
regulatory (IL-10) cytokines was assessed by real-time PCR in spleen [80]. A significant up-
regulation of all five cytokines was observed in spleen from pigs exposed to the highest dose of
AFB1. The effects of AFB1 on polymorphonuclear leukocyte (PMN) chemotaxis and chemilu-
minescence (CL) were studied [81]. In reverse transcriptase (RT)-PCR analysis, gene expression
levels of CXC chemokine receptor (CXCR)1/2, whose ligands are IL-8, granulocyte chemotactic
protein (GCP)-2, neutrophil attractant-activation protein (NAP)-2, and epithelial neutrophil-
activating protein (ENA)-78, which regulate PMN chemotaxis, were also down-regulated in a
dose-dependent manner by 50 ng/mL AFB1. mRNA expression levels of CXCR1/2 were down-
regulated to approximately 85% of that in the controls when PMNs were treated with 100 ng/mL
AFB1. These results suggest that a high concentration of AFB1 reduces the chemotactic ability
of PMNs via the CXCR1/2 cascade indirectly.

11 FB1

There is also evidence that FB1 is also able to change gene expression. For example, in porcine
renal epithelial cells (LLC-PK1) FB1 (1 μmol/L for 5 min) transiently activated PKCα and
increased nuclear translocation of NF-κB, followed by their down-regulation at later time points
[82]. TNFα mRNA expression was increased after 15 min exposure to FB1. In addition, an
increase in caspase-3 activity was observed after addition of FB1 for 1 h. In murine microglial
BV-2 cells and primary astrocytes, the expression of TNFα and IL-1β analyzed by real-time
polymerase chain reaction was down-regulated at 6 or 24 h FB1 treatment [83]. In all cell types
tested, the FB1 treatment caused accumulation of free sphinganine and decrease in free sphin-
gosine levels at selected time points. The toxic effects on the neuronal tissue may therefore be
secondary to modulation of astrocyte or glial cell function.

Mice were fed control diets or diets containing 300 ppm FB1 or F. verticillioides culture
material (CM) providing 300 ppm FB1. Hepatotoxicity found in FB1- and CM-fed mice char-
acterized by apoptosis and cell proliferation. Transcript profiling using oligonucleotide arrays
showed that CM and FB1 elicited similar expression patterns of genes involved in cell prolifera-
tion, signal transduction, and glutathione metabolism [84]. Ninety-six birds were allotted to four
treatments fed with diets containing 0 (control), 5, 10, or 15 mg/kg of FB1 for 3 weeks. A FB1
challenge for 3 weeks increased cytokine mRNA abundance in broilers. The results also showed
that 15 mg FB1/kg feed significantly inhibited the expression of IL-1β, IL-2, IFN-α, IFN-γ, but
had no effect on iNOS [85]. The macrophage functional profile was significantly changed under
an exposure of 15 mg FB1/kg for 3 weeks. It is interesting to note that deletion of iNOS gene did
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not prevent FB1-dependent induction of inflammatory cytokines, namely tumor necrosis factor
alpha, interferon gamma, and interleukin-12 [86].

12 Zearalenone

Zearalenone is also involved in gene expression regulation [87] showing pro-proliferative activ-
ity. Recent results of microarrays analysis have shown that Zen induced an up-regulation of ATM
and p53 genes family [88]. ATM pathway responds primarily to DNA double-strand breaks and
has been involved in the activation and stabilization of p53. The activation of p53 was accompa-
nied by an up-regulation of GADD45 to arrest the cell cycle and to allow the repair mechanisms
to take place. In addition, results of genes profiling as well as western-blotting analysis showed
that Zen increased the ratio of pro-apoptotic factors/anti-apoptotic factors which led to the loss
of mitochondrial potential, Bax translocation, and cytochrome c release.

13 Protection Against Mycotoxins

The range of mycotoxins that can contaminate feed and food and their different chemical
structure make protection against mycotoxin-related toxicity a difficult task. There are various
approaches to control or combat mycotoxin problems. The simplest strategy is based on the
prevention of the formation of mycotoxins in feeds by special management programs including
storage at low moisture levels and prevention of grain damage during processing [89]. However,
modern agronomic technology is not able to eliminate pre-harvest infection of susceptible crops
by fungi [90]. Therefore this strategy can only partially be effective; and in countries with warm
and humid conditions, this strategy could be quite costly.

Other strategies based on use microbial or thermal inactivation of toxins, physical sepa-
ration of contaminated feedstuffs, irradiation, ammoniation, and ozone degradation have not
been developed to the industrial level because they are either time-consuming or compara-
tively expensive [89]. In recent years, nutritional manipulation has been actively used to improve
animal self-defense against mycotoxins or to decrease detrimental consequences of mycotoxin
consumption.

Since lipid peroxidation plays an important role in mycotoxin toxicity, a protective effect of
antioxidants is expected [91, 92]. Indeed, as can be seen from review by Surai [3], protective
effects against lipid peroxidation caused by mycotoxins was attributed to various antioxidant
compounds including vitamins A and E, ascorbic acid, CoQ10, selenium, antioxidant enzymes
as well as various plant extracts.

In spite of positive effects of natural antioxidants on animals fed mycotoxin-contaminated
diets, the most promising and practical approach has been the addition of adsorbents to contam-
inated feed [93]. Mycotoxins can be bound to the adsorbent and pass harmlessly through the
digestive tract. Many compounds have been tested for adsorbent effects, however, comparatively
few have proven successful and still fewer (mainly bentonites, zeolites, alumosilicates, and glu-
can fraction of the yeast) are used commercially [3]. The extent to which various compounds
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bind specific toxins varies considerably. Many products only bind aflatoxin, leaving such myco-
toxins as T-2 and DON in the intestinal tract without alteration. In addition to the various clays
and zeolites, a yeast cell wall-derived glucomannan (Mycosorb) has been shown to be effective
against a wide range of mycotoxins [94].

Protected effects of esterified glucomannans (E-GM, Mycosorb) have been shown in poultry,
pigs, dairy, and horses. In particular, in broilers the naturally contaminated diet with mycotoxins
significantly decreased body weight and feed consumption and resulted in poor feed efficiency.
E-GM effectively alleviated the growth depression caused by the naturally contaminated diet
[95]. Similarly supplementation of E-GM counteracted most of the blood parameter alterations
caused by the Fusarium mycotoxin-contaminated grains and reduced breast muscle redness [96],
as well as preventing mycotoxin-induced decreases in B-cell counts [97]. In addition, E-GM
added to the aflatoxin-containing diet at 0.5 and 1 g/kg diminished the severity of pathologi-
cal changes in broilers [98]. The mycotoxin feeding of contaminated grains to broiler breeders
decreased antibody titers against infectious bronchitis virus at the end of week 12, and this was
prevented by dietary supplementation with E-GM [99]. Layer performance and metabolism were
adversely affected by chronic feeding of a combination of Fusarium mycotoxins, and that E-GM
prevented many of these effects [100].

In turkeys, performance and some blood and immunological parameters were adversely
affected by feedborne Fusarium mycotoxins, and E-GM prevented many of these effects [101].
In particular there were adverse effects of mycotoxins on intestinal morphology during early
growth phases of turkeys, and E-GM was effective in their prevention [102]. Furthermore, myco-
toxins adversely altered the pons serotonergic system of turkeys. Supplementation with E-GM
partially inhibited these effects [103]. Supplementation of feed with E-GM was also effective in
reduction of aflatoxin B [1]-induced hepatic injury in ducklings [104].

The feeding of grains naturally contaminated with Fusarium mycotoxins reduced growth,
altered brain neurochemistry, increased serum Ig concentrations, and decreased organ weights in
starter pigs. Some of the Fusarium mycotoxin-induced changes in neurochemistry and serum Ig
concentrations were prevented by the feeding of E-GM [97]. Similarly, feeding gilt diets that are
naturally contaminated with Fusarium mycotoxins increased the incidence of stillborn piglets
and this effect was reduced by dietary supplementation with E-GM [105]. Furthermore, the
feeding of diets naturally contaminated with Fusarium mycotoxins to lactating sows reduced
feed intake and increases BW losses. Supplementing contaminated feed with E-GM could
counteract the reduction in serum protein and serum urea observed in sows fed contaminated
feed [106].

Recent data showed that E-GM can reduce AFM1 in milk of cows fed AFB1-contaminated
feed [107]. Feed naturally contaminated with Fusarium mycotoxins can also affect the metabolic
parameters and immunity of dairy cows and E-GM can prevent some of these effects [108].
Protective effects of E-GM were also evident in horses consuming grains naturally contaminated
with Fusarium mycotoxins [109]. In various in vitro systems E-GM was able to bind up to 70%
zearalenone [110].

Therefore, if proper mycotoxin binders are used, it is possible to substantially decrease myco-
toxin contamination of animal-derived products including eggs, meat, and milk. It seems likely
that a combination of mycotoxin binders with natural antioxidants, in particular with organic
Se and vitamin E, could be the next step in preventing damaging effects of mycotoxins on
animals and decreasing animal-derived food contamination. However, a problem of mycotoxin
contamination of other foods, including bread, awaits an effective solution.
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14 Conclusions

The wide range of mycotoxins that can contaminate animal/poultry feed and their different chem-
ical compositions make protection against mycotoxin-related toxicity a difficult task. There are
several problems that complicate mycotoxin prevention issues:

• In many cases, the low levels of mycotoxins remain undetected in feed ingredients and their
effects may also go unseen. For example, detrimental effects on the immune system would be
even more difficult to assess.

• Very often, a combination of various mycotoxins is present in the feed because the various
fungal species can produce several toxins. A combination of several mycotoxins in low doses
can have a bigger detrimental effect than a single mycotoxin at a higher dose.

• Mycotoxins can contaminate practically all feed ingredients and foods. For example,
Fusarium species have been found in wheat, maize, barley, oats, and rye. On the other hand,
aflatoxins can also contaminate oilseeds and other feed ingredients.

• International trade of feed ingredients, e.g., maize and soybeans, especially long shipments
from Latin America to European and Asian countries, is another important risk factor.

• Most of mycotoxins are stable compounds that do not degrade during storage, milling, or
high-temperature feed manufacturing processes.

• There are no safe doses of mycotoxins. A dose that does not affect animal or human at short
exposure could be toxic at longer consumption.

• It is proven that most mycotoxins impose an oxidative stress, promote free radical formation,
suppress antioxidant defense mechanisms, associated with apoptosis, and changes in gene
expression.

• Usage of proper mycotoxin binders in the diet of farm animals could decrease detrimental
effects of mycotoxins on animal health and decrease animal-derived food contamination.

• The development of effective technologies to prevent plant-derived food contamination with
mycotoxins awaits a solution.
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